Adriatic Sea surface circulation as derived from drifter data between 1990 and 1999 by Poulain, Pierre-Marie
Calhoun: The NPS Institutional Archive
Faculty and Researcher Publications Faculty and Researcher Publications
2001
Adriatic Sea surface circulation as




Journal of Marine Systems, 29, (2001), pp.3-32
http://hdl.handle.net/10945/38499
Ž .Journal of Marine Systems 29 2001 3–32
www.elsevier.nlrlocaterjmarsys
Adriatic Sea surface circulation as derived from drifter data
between 1990 and 1999
Pierre-Marie Poulain)
Department of Oceanography, NaÕal Postgraduate School, Code OCrPn, Monterey, CA 93943-5000, USA
Received 1 December 1999; received in revised form 15 May 2000; accepted 15 November 2000
Abstract
The Adriatic Sea surface circulation for the period 1990–1999 is studied using the data of more than 200 satellite-tracked
drifters. The spatial structure and the temporal variability of the surface currents, at meso- to seasonal scales, are described
in terms of Eulerian and Lagrangian statistics estimated from the low-pass filtered drifter velocities.
Maps of mean currents, subtidal velocity variance and mean kinetic energies were produced using a 40-km averaging
scale. The mean flow map confirms that the global cyclonic circulation in most of the Adriatic basin is broken into three
Žre-circulation cells in the northern, central and southern sub-basins the latter two being controlled by the bathymetry of the
.Jabuka and South Adriatic Pits, respectively . An isolated cyclonic gyre prevails near the head of the basin. Mean velocities
y1 Žin the cyclonic gyres can exceed 25 cm s in the coastal areas where the velocity variance is also maximum reaching 500
2 y2 .cm s .
Values near 2=107 cm2 sy1, 2 days and 18 km were obtained for the diffusivity and the Lagrangian integral time and
spatial scales in the along-basin direction, respectively. In the across-basin direction, the statistics are typically 50% of the
above values. Geographical and seasonal variations of the Lagrangian statistics can be substantial. It was found that the
Ž .fluctuating velocities or the mesoscale eddies have a preferential cyclonic sense of rotation.
The gyres and the coastal currents are mostly prevailing in summer and fall. In winter and spring, they are less intense
but the southern one tends to re-circulate more around the South Adriatic Pit. The mean eddy kinetic energy is maximum in
winter and fall throughout the central and southern sub-basins.
The drifters showed that the southeastward flow along the Italian Peninsula has a width varying between 45 and 70 km
and a mean core speed of 25–35 cm sy1. In the northern and central sub-basins, maximum velocities are found within 5–10
Ž .km off the coast in winter and spring, while a weaker maximum is seen more offshore 15–25 km during the other seasons.
ŽIn the southern Adriatic, the current is wider in summer, fall and winter, whereas in spring, it becomes thinner maximum
.core speed near 10 km from shore and width of about 50 km . The maximum core speed is generally larger in summer than
in winter. q 2001 Elsevier Science B.V. All rights reserved.
Keywords: Surface circulation; Seasonal cycle; Mesoscale eddies; Lagrangian drifters
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1. Introduction
The surface circulation of the Adriatic Sea, a
semi-enclosed basin in the northern Mediterranean,
has been explored and studied since antiquity due to
0924-7963r01r$ - see front matter q 2001 Elsevier Science B.V. All rights reserved.
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its central geo-political location and its importance
for maritime commerce. Until the mid-1950s, most
Žof the information on the surface currents qualita-
.tive estimates of strength and direction was acquired
through estimates of navigation times or ship drifts,
through measurements of temperature and salinity
Ž .Wolf and Luksch, 1887 and through observations
Ž .of bottle drifts Mazelle, 1914; Feruglio, 1920 .
During the second half of the 20th century, analy-
Ž .sis of hydrographic data temperature and salinity
provided estimates of the geopotential topography or
the baroclinic geostrophic currents in the Adriatic
ŽSea Zore, 1956; Mosetti and Lavenia, 1969;
.Kosarev, 1977; Artegiani et al., 1997b . Global maps
of the baroclinic circulation were compiled showing
singular spatial features and substantial temporal
variability at seasonal scales. Being indirect esti-
mates based on the geostrophic assumption, these
Žcurrent maps do not include the wind-driven Ekman
. Žtype and the barotropic due to the sea surface
. Ž .slope components. Extensive bottle Vucak, 1965
Žand card Ferencak et al., 1982; Zore-Armanda et al.,
.1996 experiments were also performed. Regional
measurements with moored current meters and
mooredrshipboard Acoustic Doppler Current Profil-
Ž .ers ADCP were also made to study the circulation
Žat various depths e.g., Zore-Armanda, 1966; Ko-
.vacevic et al., 1999; Gacic et al., 1999 . The proper-
ties of the Adriatic Sea circulation, along with their
historical investigations, were reviewed by Orlic et
Ž .al. 1992 and more recently summarized by Poulain
Ž .et al. 2001a .
Ship, bottle and card drifts were the first La-
grangian observations collected in the Adriatic.
Lagrangian measurements essentially consist in esti-
mating the displacement of instruments that approxi-
mately follow the surface currents during a known
time period. With bottles and cards, only the total
displacements between their release sites and the
coastal locations where they were recovered are
known. The uncertainties on the effective time of
drift, on the actual trajectories of the bottlesrcards,
and the obvious direct influence of the surface winds
and waves, precluded a quantitative and accurate
analysis of the basin-wide Adriatic surface circula-
tion.
With the advent of satellite tracking technology in
the 1970s, the trajectories of drifting instruments
were determined with position accuracy of less than
1 km. Dividing the successive displacements by the
Ž .respective time intervals typically 1–2 h , velocity
estimates were obtained wherever the instruments
drifted between their release and their recoveryrend
sites. Furthermore, special buoy designs that reduce
the effect of surface winds and waves were operated,
with obviously better water-following capabilities
than bottles and cards. Thus, localized and more
accurate estimates of the velocity of the surface
waters were obtained.
It is not until the early 1990s, however, that
satellite-tracked drifters were operated in the Adri-
Ž .atic Sea. In 1990, Borzelli et al. 1992 measured the
surface currents in the northern Adriatic using a
limited set of five drifters. Deployments of more
than 60 surface drifters started in earnest in late 1994
Ž .Poulain, 1999 , with focus on the southern Adriatic
and the Strait of Otranto, connecting the Adriatic to
the rest of the Mediterranean. Maps of mean surface
circulation and velocity variance were created at
0.258 spatial resolution using these drifter observa-
tions between December 1994 and March 1996.
A new surface drifter program in the Adriatic was
started in summer 1997 with better focus on the
seasonal variability of the circulation throughout the
basin. Repeated seasonal deployments at key loca-
tions provided a temporal and geographical data
distribution suitable to study the seasonal variations
of the Adriatic-wide circulation. The data from 201
drifters in the Adriatic Sea over a 9-year period
Ž .August 1990–July 1999 have been used to estimate
subtidal velocity statistics of the Adriatic Sea surface
circulation. The results are presented in this paper.
This new drifter-based description of the Adriatic
circulation is novel with respect to the work of
Ž .Poulain 1999 because of the larger amount, the
more uniform geographical distribution and the dif-
ferent time period of the drifter data, which in turn
allowed to estimate the statistics in a more robust
way.
The paper is organized as follows: Section 2
provides information on the drifting buoy systems,
the drifter datasets and the methodology used to
compute Eulerian and Lagrangian statistics from the
drifter trajectories. The statistical results are pre-
sented in Section 3 assuming stationarity over the 9
years of observations. In Section 4, this assumption
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is partially relaxed and the seasonal signal in the
Eulerian velocity statistics is assessed. Section 5
contains the discussion and interpretation of the re-
sults, followed by Section 6 with conclusions and
recommendations for future work.
2. Data and methods
2.1. Drifter systems and data processing
ŽMost of the drifters used in this study ;77%,
.155 units are similar to the ones used in the Coastal
Ž .Dynamics Experiment CODE in the early 1980s
Ž .Davis, 1985 . They were manufactured by Techno-
cean, Cape Coral, FL, USA. They consist of a
slender, vertical, 1-m-long negatively buoyant tube
with four drag-producing vanes extending radially
from the tube over its entire length and four small
spherical surface floats attached to the upper extrem-
Žities of the vanes to provide buoyancy Poulain,
.1999 . Comparison with current meter measurements
Ž .Davis, 1985 and studies using dye to measure
Žrelative water movements D. Olson, personal com-
.munication showed that the CODE drifters follow
the surface currents to within 3 cm sy1, even during
strong wind conditions.
Other buoy systems included the Compact Meteo-
Žrological and Oceanographic Drifter CMOD; Selsor,
.1993 developed by Metocean, Dartmouth, Nova
Ž .Scotia, Canada ;18%, 37 units . These sonobuoys
consist of a 60-cm-long aluminum cylindrical hull
Ž .with a floatation collar 35-cm overall diameter .
ŽThey were drogued with the sonobuoy case 62-cm
. Žlong and 12-cm-diameter on a 100-m-long 4 m for
.a few of them 0.5-in.-diameter tether, resulting in a
wet to dry area ratio of about 5 to 1.
Ž .Four units ;2% were of the Surface Velocity
Ž .Program SVP or WOCErTOGA design with a
holey-sock at 15 and 300 m nominal depths
Ž .Sybrandy and Niiler, 1991 . The remaining five
Ž .drifters ;3% are briefly described in Borzelli et
Ž .al. 1992 . Table 1 summarizes the drifter types.
The water-following capability of the drifters
Ž .mostly of the CODE and CMOD designs was
Žassessed by comparing, in a quantitative way least-
.squares fit , their velocities with data of wind speed
and direction interpolated at the their locations
Ž .Mauerhan, 2000 . Orographically steered winds of
the Navy Operational Regional Atmospheric Predic-
Ž .tion System NORAPS 1995 nowcasts were used in
the Adriatic and Ionian Seas to perform this compar-
Ž .ison Horton et al., 1997 . Significant correlation
between drifter velocities and wind was only found
in limited shallow areas such as the Italian shelf on
the western side of the Strait of Otranto. In general,
however, the correlation is weak, and the statistical
techniques adopted to study the wind effects on the
different drifter types yielded inconclusive results.
Hence, the drifter velocities were not corrected for
the drift directly related to the wind in this work. The
fact that the drifter drogue depths vary between ;0
Ž .and 300 m see Table 1 was not used to discrimi-
Ž .nate drifters because 1 drogued and undrogued
drifters appeared to have similar drift characteristics
Ž .and 2 it is generally difficult to determine when
drifters lost their drogue. For example, we suppose
that most of the CMOD drifters lost their 100-m line
soon after release, but there was no sensor to indicate
the time of rupture. The circulation statistics pre-
sented here were computed from all the data of all
the drifter types, including all the drogue depths.
All drifters were tracked by the Argos Data Loca-
Ž .tion and Collection System DCLS carried by the
Table 1
Origin and types of Adriatic drifters
Ž . Ž .Buoy design Quantity Drogue type quantity Origin quantity
Ž . Ž .CODE 155 None NPS 91 , SACLANTCEN 62 ,
Ž .NAVOCEANO 2
CMOD 37 Tether with sonobuoy case: NAVOCEANO
Ž . Ž .100-m long 32 , 4-m long 5
Ž . Ž . Ž . Ž .SVP 4 Holey sock at: 15 m 3 , 300 m 1 NPS 3 , SACLANTCEN 1
Other 5 None TELESPAZIO
Total 201
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ŽNOAA polar-orbiting satellites Poulain et al.,
.2001b . After editing for outliers, the typical drifter
position accuracy was found to be 200–300 m. For
Ž .the latitude range of the Adriatic Sea 40–468N , the
typical number of satellite fixes per day was 12
using the Argos system on two satellites. The corre-
sponding number of good locations per day was
nine. In order to take advantage of a special scien-
tific reduced tariff for the Argos tracking, the trans-
mitters of some drifters were programmed to trans-
Žmit with an intermittent duty cycle 1 day on–2 days
.off after 30 days of continuous operation. About
23% of the data used in this study corresponds to
this intermittent mode. Note that the surface circula-
tion statistics presented in this paper do not change
significantly whether the drifter data corresponding
to the intermittent transmission mode are considered
or rejected.
The raw position data were edited for outliers and
spikes using statistical and manual techniques
Ž .Poulain et al., 2001b and were interpolated at 1-h
uniform intervals using a AkrigingB optimal interpo-
Ž .lation scheme Hansen and Poulain, 1996 . The in-
terpolated positions were subsequently low-pass fil-
tered with a Hamming filter with cutoff period at 36
Ž .h to eliminate tidal and inertial currents and were
sub-sampled at 6-h intervals. Velocity components
were then estimated from centered finite differences
of the interpolated sub-sampled latitudes and longi-
tudes. Based on the typical Argos location accuracy
and the characteristics of the above averaging, we
estimated the low pass filtered velocity accuracy to
be 2–3 cm sy1, which is of the same order of
magnitude as the error due to direct wind effects.
2.2. Drifter data
In this study, the southern limit of the Adriatic
was taken as the parallel connecting the tip of the
Žheel of the Italian Peninsula Cape Santa Maria di
.Leuca to the Greek island of Corfu at latitude
398N48X. The deployment sites of the 198 drifters
that were released in or near the Adriatic and which
contributed data in the Adriatic basin are shown with
star symbols in Fig. 1a. The geography and
bathymetry of the basin are also introduced. Of
major interest are two depressions, the Jabuka and
South Adriatic Pits, which reach 260 and 1200 m in
the central and southern sub-basins, respectively.
A total of 91 drifters were deployed by the Naval
Ž .Postgraduate School NPS , Monterey, CA, provid-
ing data from August 1997 to July 1999. A few of
these units belonged to the Istituto Nazionale di
Oceanografia e di Geofisica Sperimentale, Trieste,
Italy. Most of these drifters were of the CODE type.
They were released with the help of Italian and
Croatian colleagues, mostly during oceanographic
cruises. The release sites were widely distributed
throughout the Adriatic basin in an effort to increase
the spatial coverage of the data. Deployments at
these sites were repeated on a seasonal basis so as to
maintain a minimum drifter population at all times
during the 2 years of study.
Sixty-two drifters were deployed by the North
Atlantic Treaty Organization SACLANT Underwater
Ž .Research Centre SACLANTCEN , La Spezia, Italy,
with main focus on the eastern side of the Strait of
Ž .Otranto Poulain and Zanasca, 1998; Poulain, 1999 .
These drifters, mainly of CODE design, spanned the
period December 1994–March 1996.
In support of military operations, the Naval
Ž .Oceanographic Office NAVOCEANO , Stennis
Space Center, Mississippi, has deployed surface
drifters in the Mediterranean since 1989. Forty
drifters were deployed in the Adriatic starting in
Ž .1992 14 units and continuing in 1993–1998 with
three to five deployments per year. Most of these
drifters were sonobuoys of the CMOD design. The
Ž . Ž . Ž .Fig. 1. a Bathymetry 50, 100, 200, 1000 and 1200 m isobaths of the Adriatic Sea with the sites of drifter deployments star symbols .
Ž .The basin was rotated by 458 counterclockwise so that the north direction corresponds to the left-top corner of the panel. b Low-pass
Ž X . Ž .filtered trajectories of the 201 drifters that provided data in the Adriatic north of 398N48 between 1-Aug-1990 and 31-Jul-1999. c Drifter
data density, i.e., the number of 6-hourly observations divided by the percentage of sea area in the bin, computed in disks of 20-km radius.
The values, represented with gray shades and contour lines, have been interpolated at 1-km resolution using cubic splines. Three maxima in
Ž .data density are outstanding in the region north of Ancona, near the South Adriatic Pit, and in the eastern part of the Strait of Otranto. d
Ž . Ž .Same as c but for the number of independent observations see Appendix C .
( )P.-M. PoulainrJournal of Marine Systems 29 2001 3–328
five drifters that were released by Telespazio, Rome,
Italy, in the northern Adriatic in 1990 were also
Ž .included in the dataset Borzelli et al., 1992 .
Three drifters originally deployed in the northern
Ionian and in the Strait of Sicily, and which entered
the Adriatic basin through the Strait of Otranto,
provided additional measurements. The 201 trajecto-
ries of the drifters in the Adriatic Sea are depicted in
Fig. 1b. It can be seen that over the 9 years of
observations, the drifter observations covered most
of the Adriatic with the following exceptions: the
regions south of the Po River delta and south of the
Gargano Promontory to the west, and some of the
Croatian coastal waters isolated by islands to the
east.
The maximum lifetime of the drifters in the Adri-
Ž X.atic north of 398N48 is 230 days. The drifter mean
half-life, i.e., the time after deployment for which
50% of the drifters still provide useful data in the
Adriatic basin, is about 40 days. Although substan-
tially less than the value obtained from drifter pro-
Ž .grams in the world oceans more than 400 days , this
number is quite satisfactory in view of the high
probability of being retrieved by seafarers or being
grounded ashore in the relatively small Adriatic
semi-enclosed basin.
The time distribution of the number of drifter
velocity observations is depicted in Fig. 2a for the
Ž X.entire Adriatic north of 398N48 . The observations
span the time period between 1 August 1990 and 31
July 1999. They include a total of 27.9 drifter-years.
Note the scarcity of data in 1991 and the two periods
Žwith large drifter population peaking with 23 drifters
.on 23 May 1995 in 1995–1996 and 1997–1999,
corresponding to the SACLANTCEN and NPS drifter
programs, respectively. Over the 9 years of observa-
tions, the drifter observations are rather well dis-
Ž .tributed over the seasons Fig. 2b , at least for the
whole Adriatic basin.
Information about the origin, type and numbers of
drifters used in this Adriatic circulation study is
summarized in Table 1. More details about the drifter
hardware, data processing techniques and the drifter
Ždataset individual drifter paths, velocity time series,
.etc. can be found in a data report available on
Ž .CD-ROM Poulain et al., 2001b .
Ž X . Ž .Fig. 2. Temporal distribution of the drifter data in the Adriatic north of 398N48 . a Number of drifters per day from 1990 to 1999. A
maximum drifter population of 23 drifters was reached on 23 May 1995. The total drifter dataset spans the period between 1-Aug-1990 and
Ž .31-Jul-1999 and comprises 27.7 drifter-years. b Number of drifter-days per month for the 12 months of the year based on the 9 years of
data.
( )P.-M. PoulainrJournal of Marine Systems 29 2001 3–32 9
2.3. Spatial scale of aÕeraging
In order to represent the Adriatic surface currents
Ž .as the sum of 1 a mean flow that is constant in time
Ž .and slowly varying in space, and 2 residual fluctua-
tions that are due to temporal and small-space vari-
abilities, a spatial scale of averaging must be chosen.
In previous studies, a simple averaging or binning in
domains of 0.258=0.258, that is, with scales be-
Ž .tween 19 and 28 km, was used Poulain, 1999 .
Ž .Falco et al. 2000 estimated the Adriatic mean flow
using bicubic spline interpolation with parameters
optimized to minimize the energy in the fluctuation
field at low frequency. Their results are very similar
Ž .to those of Poulain 1999 .
Ž .As seen in the track diagram Fig. 1b , in satellite
Žimagery Barale et al., 1984; Gacic et al., 1996;
.Mauri and Poulain, 2001 and in in-situ measure-
Ž .ments Gacic et al., 1999 , the size of the mesoscale
Ž .eddies small loop and meander features is about
10–20 km. This scale is of the same order of magni-
tude as the first internal Rossby radius of deforma-
Ž . Ž .tion 4–9 km calculated by Grilli and Pinardi 1998 .
Therefore, a distance of 40 km appears adequate for
averaging out the mesoscale motions.
Two other concerns have to be considered when
selecting the averaging scale. The first involves the
time interval between consecutive observations and
imposes a lower limit on the averaging scale so that
sub-sampling every 6 h provides at least one obser-
vation in each bin crossed by a drifter. With a
maximum speed of about 100 cm sy1, the maximum
displacement that an Adriatic surface drifter moves
in 6 h is: 0.001=6=3600s21.6 km. Choosing a
bin size of 40 km guarantees that a fast drifter
crossing the bin contributes to 1–2 observations in
that bin.
The second is a sensitivity criterion. We would
like to assess the sensitivity of the velocity statistics
with respect to the averaging scale selected. To
illustrate the scale dependence, we have computed
the kinetic energy of the mean flow per unit mass
Ž .MKE and the mean eddy kinetic energy per unit
Ž . Žmass EKE in bins of increasing size see defini-
.tions in Appendix B , from one single disk including
Ž .the entire Adriatic radiuss400 km down to disks
with 12.5 km radius, staggered in a grid with 12.5
Ž .km mesh size. As expected, the MKE EKE aver-
Ž .aged over all the bins increases decreases with
Ž .decreasing bin size Fig. 3 . The EKE does not
become inferior to the MKE, and does not reach
small values because it corresponds to temporal vari-
ability which is not resolved deterministically by
increasing the spatial resolution.
We have chosen to compute the Eulerian velocity
statistics in 20-km-radius circular bins separated by
20 km on a grid oriented along the axes of the
Ž .Adriatic basin see details in Appendix A . For
20-km radius bins, the mean energy levels are about
80 and 100 cm2 sy2 for the MKE and EKE, respec-
tively. It is obvious that increasingrdecreasing the
averaging scale has a significant effect on the energy
levels. The numerical values of the Eulerian statistics
presented in this paper are therefore specific to the
Žspecific averaging scale chosen, that is, 40 km the
.diameter of the bins .
Once the scale of averaging has been chosen,
some of the bins have to be rejected in order to
obtain robust Eulerian statistics, that is, to limit
sampling and bias errors to reasonable levels. As
discussed in Appendix A, bins were only considered
Ž .if they passed the following tests: 1 the number of
Ž .independent observations is larger or equal to 5; 2
at the most, 75% of the bin area corresponds to land;
Ž .and 3 each of the four seasons are represented by at
least 5% of the total numbers of observations.
2.4. Geographical data distribution
The drifter data density, that is the number of
6-hourly observations in the 20-km-radius bins, di-
Žvided by the percentage of sea water in the bins see
.Appendix A , is shown in Fig. 1c. In spite of our
efforts to maximize the geographical coverage of the
data, the drifter data density shows three maxima in
the region north of Ancona, near the South Adriatic
Pit and in the eastern part of the Strait of Otranto.
Note that drifters were not necessarily deployed in
Ž .these regions Fig. 1a and that some maxima in
drifter population correspond to the AnaturalB accu-
mulation or convergence of the drifters. The drifter
density related to the number of independent obser-
Ž . Žvations Fig. 1d was also estimated see Appendix C
.for details . Its spatial distribution is similar to the
one of the 6-hourly observations, except in the east-
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Ž . Ž .Fig. 3. Kinetic energy of the mean flow MKE and mean eddy kinetic energy EKE , averaged over all the Adriatic bins, versus scale of
averaging, using circular bins with radius ranging from 400 to 12.5 km.
ern Strait of Otranto and off the Albanian coast
where it is reduced due to the fact that many simulta-
neous 6-hourly observations are statistically depen-
dent of each other following the drifter release in
Ž .large clusters Poulain, 1999 .
It is important to note that the non-uniform La-
grangian sampling depicted in Figs. 1c,d and 2a can
introduce significant aliasing between the spatial and
temporal scales, and as a consequence, the space and
time variabilities generally cannot be separated. For
example, the velocity variance within the bins repre-
sents both spatial variability at scales smaller than 40
km and temporal sub-tidal variations with timescales
longer than a few days, including the seasonal signal
if it is not considered separately like in Section 4. In
addition, the velocity statistics calculated from a
non-uniformly distributed dataset are generally spe-
cific to the particular data distribution available and
may be different from ideal statistics computed from
uniformly distributed data, especially in bins with
few observations. The use of stringent rejection crite-
ria based on the number of independent observations,
and on their temporal distribution, alleviates some-
what this problem.
2.5. Eulerian and Lagrangian statistics
Theoretically, Eulerian velocity statistics should
be computed over an ensemble of many realizations
of the Adriatic flow field. In practice, however, this
ensemble averaging is substituted by an averaging
over time and in spatial bins, assuming stationary
and uniform statistics within the bins. Maps of mean
flow, subtidal velocity variance, and the related MKE
and EKE, called hereafter Eulerian velocity statistics,
were computed by averaging all the six hourly low-
pass filtered drifter velocity observations within the
20-km-radius circular bins. The definitions of the
Eulerian statistics are included in Appendix B. A
discussion of the random and bias errors associated
with them can be found in Appendix C.
By definition Lagrangian velocity statistics are
computed over an ensemble of selected particles.
Again, this is not practically feasible using real
drifters and the assumptions of stationarity and uni-
Ž .formity at least locally are invoked to estimate
statistics that characterize the displacement and abso-
lute dispersion of selected drifters over time. Let us
consider all the drifters that occupy a given spatial
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domain, which can be the entire Adriatic or a small
20-km-radius circular bin. Each observation in the
domain can be considered as a AdeploymentB posi-
tion from which the drifter is tracked with positive
Ž .time lags arriving at the position and with negative
Ž .time lags going away from that position . Likewise,
Lagrangian statistics are estimated for particles
Ž . Žreaching positive time lags and leaving negative
. Žtime lags the spatial domain considered Davis,
.1991; Poulain et al., 1996 . They are defined in
Appendix D.
Lagrangian statistics depend not only upon the
Ž .domain selected in space and eventually in time but
also on the time lag. For turbulent motions, however,
they plateau after time lags of the order of the
integral time scale, for both positive and negative
time lags; the covariances approach zero and the
Ž .diffusivities diagonal elements and scales asymp-
Ž .tote to maximum constant values Taylor, 1921 .
Lagrangian statistics are intrinsically non-local as
particles spread over a finite-size domain which can
be, in our case, a substantial portion of the entire
Adriatic basin. They can consequently include dis-
persion effects by the mean flow shear. Furthermore,
when the particles approach the boundaries of the
basin, assymptotic quantities such as the diffusivity
are affected. A way of handling this problem could
be to use more appropriate descriptions of disper-
sion, e.g., using scale-dependent Lyapunov expo-
Ž .nents Artale et al., 1997; Lacorata et al., 2001 . This
is beyond the scope of this paper. We have chosen to
Žaccount for the effects of shear dispersion at least
.partially , which become important when particles
spread over distance larger than 40 km, by subtract-
ing the deterministic Eulerian mean flow from the
individual drifter velocitites before computing the
Lagrangian statistics. The mean Eulerian velocity
field was interpolated at the drifter locations using
cubic splines.
3. Mean circulation, velocity variance and diffu-
sivity
3.1. Eulerian statistics
Assuming that the Adriatic surface velocity statis-
tics are stationary over the 9 years of interest, Eule-
rian statistics were computed for the entire Adriatic
basin using 20-km-radius bins. Considering only the
Ž .bins that passed the rejection criteria Appendix A ,
it was found that the velocity observations within
each good bin spanned a minimum of 3.2 years and a
maximum of 8.7 years.
The map of mean surface circulation in the entire
Ž .Adriatic Sea Fig. 4a reveals and quantifies the main
characteristics of the surface circulation throughout
the Adriatic basin and confirms most of the results
previously obtained from hydrographic data, current
meter observations and other drifter studies. A global
basin-wide cyclonic circulation is striking with fast
northward currents along the eastern side, referred to
Ž .as the East Adriatic Current EAC , and a swift
return flow along the Italian Peninsula on the west-
Ž .ern side, called the West Adriatic Current WAC .
This pattern is composed of major sub-basin re-cir-
culation cells in the central and southern Adriatic
where the circulation is controlled by the bathymetry
of the Jabuka and South Adriatic Pits, respectively.
Further to the north, northward currents eventually
reach the southern tip of the Istrian Peninsula, turn
westward and join the southward return flow form-
ing a third cyclonic re-circulation with the northern
limb following approximately the 40–50 m isobath.
At the north end of the Adriatic, the surface circula-
tion is in the form of a fourth isolated cyclonic gyre.
Maximum mean speeds exceeding 25 cm sy1 are
found in both the WAC and EAC in the southern
sub-basin.
It is important to note that the mean circulation
Ž .map Fig. 4a represents a robust statistical estimate
of the mean Adriatic surface circulation. Indeed, due
to the strict criteria adopted for choosing the bins,
the confidence intervals around the mean vectors are
Žgenerally relatively small see Appendix C and Fig.
.13a . As discussed in Appendix C, the AarrayB bias
Ž . ŽFig. 13b can be significant in some areas as large
y1 .as 5 cm s but it stays bounded by the 95%
confidence intervals. As a result, the AarrayB bias
does not affect significantly the mean circulation
map presented in Fig. 4a and a correction was judged
unnecessary.
Ž .The sub-tidal velocity variance Fig. 4c , which in
this case includes the variability due to small scale
eddies, to wind-driven current events and also to the
seasonal modulation of the surface circulation, is
generally large in regions of strong currents, where it
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can reach values above 500 cm2 sy2 corresponding
y1 Žto a r.m.s. speed of ;22 cm s in the western
.Strait of Otranto . Thus, the standard deviation of the
velocity fluctuations can be as large as the mean.
The velocity variance is typically oriented in the
Ždirection of the mean currents see ellipse orientation
.in Fig. 4c as most of the velocity variations are
related to changes in amplitude, and eventually re-
versals, of the prevailing currents over time. The
orientation of both the mean current vectors and the
principal axes of velocity variance follow generally
the coast or the bathymetric contour lines due to
topographic constraint. The eccentricity of the veloc-
ity variance ellipse range from 0.25–0.8 in the open
sea to values )0.95 in the coastal areas.
As expected, the MKE is maximum in the coastal
Ž .areas Fig. 4b , especially off Dubrovnik on the
eastern side, and off the Gargano Promontory and
southern Italy to the west. Mean currents are also
more intense on the Albanian shelf break and along
the northern slope of the Jabuka Pit. The maximum
MKE in the 20-km radius circular bins is over 400
2 y2 Ž .cm s off southern Italy . MKE is minimum
Ž 2 y2 .inferior to 10 cm s in most of the open sea and
in the center of the Strait of Otranto.
The mean kinetic energy of the fluctuating veloci-
ties, also called EKE, has weaker gradients com-
Ž . Žpared to the MKE Fig. 4d . It is maximum reaching
2 y2 .over 300 cm s in the western side of the Strait
of Otranto. It exceeds 150 cm2 sy2 in localized
Žzones of the WAC off the Po River delta, south of
.Ancona and around the Gargano Promontory . Sub-
stantial EKE levels are also found on the Albanian
shelf and south of Dubrovnik.
Ž .As already found by Poulain 1999 , the drifter
data indicates three major regions in the open sea
Ž y1with quiescent mean circulation speed -5 cm s
2 y2 .or MKE -10 cm s ; see Fig. 4b and reduced
Ž 2 y2velocity variance EKE less than 50 cm s ; see
.Fig. 4d . They are located near the center of the three
cyclonic gyres in the southern, central and lower
northern Adriatic. In addition, the zone between the
two gyres in the northern Adriatic, extending toward
the coastal waters off the Istrian Peninsula, is charac-
terized by weak mean and fluctuating currents.
It is interesting to examine the ratio of MKE to
Ž .EKE not shown which provides information on the
division of energy between mean constant and fluc-
tuating currents. The coastal regions with large mean
currents discussed above are characterized by a high
ratio, as the MKE can be three times as large as the
EKE. Everywhere else, the ratio is less than one, and
the fluctuating velocities dominate the energy of the
Žsurface currents. The ratio is minimum less than
.0.1 in most of the open Adriatic Sea and the central
Strait of Otranto where the velocity fluctuations are
at least 10 times more energetic than the mean flow.
Exceptions include areas northwest of the Jabuka Pit
and norhtwest of the South Adriatic Pit where the
mean recirculating flow is important.
To conclude this presentation of the Eulerian
velocity statistics in the Adriatic, we would like to
discuss briefly the results of vorticity and diver-
gence. The mean surface circulation depicted in Fig.
4a was interpolated on a 1-km resolution grid using
bicubic splines, and the velocity gradients were esti-
mated. These gradients were combined to estimate
the vertical component of relative vorticity and the
horizontal divergence. The former gave robust and
interesting results, whereas the latter turned out to be
Žbelow the noise level difference of comparable
.quantities . The vorticity of the mean surface flow in
the Adriatic ranges betweeny0.65 and 0.85 in units
of 10y5 sy1. Compared to the planetary vorticity at
Ž . Žthe mid-latitude 438N of the Adriatic basin about
y5 y1.9.9=10 s , the vorticity values obtained are
less than 10%, meaning that the mean flow is ap-
proximately in geostrophic balance. As expected, the
vorticity is negative to the right of the fast currents
Ž .e.g., on the Albanian Shelf, north of the Jabuka Pit
Žand positive to the left of strong currents e.g., east
.of the WAC .
Ž . Ž . Ž .Fig. 4. Maps of surface mean flow a , kinetic energy of the mean flow b , subtidal velocity variance ellipses c and mean eddy kinetic
Ž . Ž . Ž .energy d calculated in circular bins 20 km radius on a grid 20 km resolution covering the entire Adriatic basin. The mean flow arrows
and the variance ellipses are centered at the center of mass of the observations in each bin. The 200- and 1000-m isobaths are shown in
Ž . Ž . Ž .panels a and c . The mean kinetic energy levels are represented with gray shades and contour lines after interpolation using cubic splines
2 y2 Ž 2 y2 .at 1-km resolution. The contour interval is 50 cm s above 50 cm s . Bins with less than five independent observations, with less
than 25% sea area and for which any season is represented by less than 5% of the data have been omitted.
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An attempt was made to estimate surface trans-
ports, especially in the along-basin direction. Glob-
ally, the along-basin NW surface flux on the eastern
side of the basin compensates rather well the SE
transport along the Italian coast. Calculations of
along and across-basin transports at specific loca-
Žtions e.g., Strait of Otranto, Palagruza Sill, northern
.wall of Jabuka Pit revealed that the surface water
mass is not conserved, probably due to the particular
Žsampling of the drifters non-uniform in space and
Fig. 5. Lagrangian statistics calculated for the entire Adriatic basin after removal of the mean Eulerian circulation. All statistics are shown
Ž . Ž . Ž . Ž .versus time lag between y10 and 10 days. a Mean angular momentum, b Lagrangian integral time scale, c diffusivity and d
Lagrangian velocity covariance. See Appendix D for definitions.
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.time and spanning 9 years . Hence, the circulation
Ž .map based on the drifter data Fig. 4a should not be
used to search for specific areas of divergencercon-
vergence, nor to investigate transports and identify
zones where the surface waters sink to deeper levels
Ž .deep water formation .
3.2. Lagrangian statistics
The Lagrangian statistics computed for the entire
Adriatic basin, after the Eulerian mean flow has been
subtracted from the drifter velocities, are presented
in Fig. 5 for time lags ranging fromy10 to 10 days.
They are also summarized in Table 2. Asymptotic
Ž .values independent of time lag were taken as the
maximum values over the range 0 to 10 days. Energy
Ž . Ž .levels Fig. 5d , diffusivities Fig. 5c and integral
Ž .time scales Fig. 5b are larger in the along-basin
direction. In agreement with the results depicted in
Fig. 3, the variance at zero time lag reaches over 100
Ž . 2 y270 cm s in the along- and across-basin direc-
tions, respectively. The off-diagonal elements of the
Žcovariance matrix are significantly negative ;y15
2 y2 .cm s indicating that the residual velocities as a
whole vary along a major principal axis oriented by
about 208 with respect to the along-basin axis. The
along-basin diffusivity reaches extremum values
Ž 7 2 y1.near 2=10 cm s after about 10 days. In the
across-basin direction, values are much smaller
Ž 7 2 y1maximum diffusivity less than 1=10 cm s
.after 2–3 days . For larger time lags, the lateral
boundaries of the Adriatic Sea constrain across-basin
dispersion and, as a consequence, diffusivity de-
creases versus time lag. Note that, at least in the
along-basin direction, the decrease of diffusivity, and
associated scales for time lags larger than 5–10 days,
can also be due to the removal of a non-adequate
overestimated mean velocity shear. The Lagrangian
statistics estimated without subtracting the Eulerian
Ž .mean flow from the drifter velocities not shown
have the opposite trend, with increasing and non-
saturating diffusivities versus increasing time lags,
caused by mean flow shear dispersion.
Maximum Lagrangian integral time scales are
Ž . Ž .about 2 1 days for the along- across- basin direc-
tion. The distance over which particles diffuse away
Žwith the fluctuating velocities excluding the mean
.Eulerian flow during the Lagrangian integral time
Žscale is the Lagrangian integral length scale see
.Appendix D . It is equal to about 18 and 8 km, for
the along- and across-basin directions, respectively.
The difference between the two off-diagonal ele-
Ž .ments of diffusivity Fig. 5a , i.e., the mean angular
momentum of the velocity fluctuations, is positive
for all time lags, corresponding to predominant cy-
clonic polarization of the mesoscale field.
An attempt was made to estimate the Lagrangian
Žstatistics in the individual 20-km-radius bins not
.shown . Despite the large uncertainties due to the
reduced number of observations and because shear
dispersion is not always well accounted for by re-
moving the mean Eulerian field of Fig. 4a, some
interesting qualitative results arose from this exer-
cise. It was found that diffusivities vary from 1=107
to 5=107 cm2 sy1 with higher values obtained in
the coastal areas in the along-shore direction. Open
Ž 7 2sea areas are characterized by low 0.5–1=10 cm
y1 .s and approximately isotropic diffusivities. La-
grangian length scales follow the same trends rang-
ing from values inferior to 5 km in the open sea to
Ž40 km near the coast in the direction parallel to the
.coast . Lagrangian time scales were seen to vary
between 0.5 and 5 days. In summary, the coastal and
open areas of the Adriatic appear to have signifi-
cantly different Lagrangian statistics. Thus, the re-
sults presented in Fig. 5 represent averaged statistics
Table 2
Lagrangian statistics for the whole Adriatic basin
Ž . Ž .Variance Diffusivity T days L kml l
2 y2 7 2 y1Ž . Ž .cm s 10 cm s
Direction Along Across Along Across Along Across Along Across
All 106.3 70.3 1.9 0.7 2.1 1.1 18.4 7.9
Winter 76.3 59.3 1.1 0.5 1.7 1.0 12.7 6.7
Summer 101.5 65.7 2.7 0.7 3.1 1.2 26.9 8.1
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that should be interpreted and used with caution. In
particular, the marked difference between the results
in the along- and across-basin directions shown in
Fig. 5 is merely the effect of the coastal areas and is
not representative of the open sea.
4. Seasonal cycle
Being a land-locked basin of the northern
Mediterranean where atmospheric conditions vary
considerably with the seasons, the Adriatic Sea circu-
lation is expected to contain a significant seasonal
signal. The quantity and the geographic and temporal
distribution of the drifter data are adequate to esti-
mate Eulerian velocity statistics for each season of
the year in order to assess the Adriatic circulation
seasonal variability.
4.1. Definition of seasons
In order to obtain some guidance to define the
four seasons over which the statistics are computed,
we first explored the month-to-month variations of
the surface kinetic energy level in the Adriatic. The
Ž .mean kinetic energy MKEqEKE computed over
the whole Adriatic basin is shown for the 12 months
of the year in Fig. 6. According to the drifter data,
low energy levels are observed between February
and July with values ranging between 100 and 130
cm2 sy2 . There is a sharp increase of energy from
July to August which represents the beginning of a
Ž6-month period of high energy August to January,
2 y2 .with values exceeding 150 cm s .
Based on the above results, the Adriatic seasons
were chosen according to the standard separation,
Ž . Žnamely: winter Jan–Feb–Mar , spring Apr–May–
. Ž . ŽJun , summer Jul–Aug–Sep and fall Oct–Nov–
.Dec . We did not adopt the seasons based on the
Ž .Adriatic Sea heat storage Artegiani et al., 1997a for
Žthree reasons. First, these seasons Jan–Apr, May–
.Jun, Jul–Oct, and Nov–Dec are not efficient at
Žseparating high from low energy conditions see Fig.
.6 . Second, we believe that the seasonality of the
Žforcing parameters surface wind stress, river run-
.offs should be considered when defining the circula-
tion seasons, rather than the heat storage alone. And
Žthird, the short transition seasons May–Jun and
.Nov–Dec have significantly less drifter observa-
tions than the other two extended seasons, resulting
in poorer estimates of the statistics.
Ž .Fig. 6. Mean kinetic energy MKEqEKE for the entire Adriatic Sea computed for the individual months of the year.
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4.2. Basin-wide Eulerian statistics
The low-pass filtered trajectories are depicted for
each season in Fig. 7. The entire Adriatic basin is
rather well covered except in the northern sub-basin
where the drifter trajectories are scarce in fall and
winter. As a whole, the drifter population is almost
equally distributed over the seasons, with a slightly
Žmore abundant population in fall reaching 30% of
.the global drifter dataset .
The circulation seasonal signal was first investi-
gated in terms of basin-wide Eulerian statistics, for
which the same threshold as in Section 3 was applied
Žfive independent observations in 20-km-radius bins
.with at least 25% of sea area . The binning method is
the same as before, but the data were now separated
Ž .out per seasons. The maps of mean flow Fig. 8
show the persistence of the cyclonic cells in the
central and southern basins, and in the lower north-
ern Adriatic. The strength and spatial structure of
these circulation features, however, vary from one
Ž .season to the other. Statistical tests see Appendix C
revealed that the seasonal variations of the mean
surface flow estimates are significant for most of the
bins considered. Note that to the north, the cyclonic
gyre near the head of the Adriatic appears to be
maximum in summer, but poor coverage during the
other seasons prevent a quantitative assessment of
the full seasonal cycle.
Although the maximum mean speed does not vary
Žsignificantly with the seasons from 28 to 33 cm
y1 .s , the geographical distribution of the fast cur-
rents changes substantially. The speed of the mean
Ž . Ž .currents Fig. 8 and the MKE Fig. 9 show ex-
Žtended areas of high values in summer and fall and
.also in winter for the southern sub-basin , especially
in the coastal currents of the southern Adriatic.
Spring has weaker mean currents in most of the
Adriatic. In fall, the MKE of the two coastal currents
and the re-circulation northwest of the Jabuka Pit are
enhanced in the central basin. Re-circulation around
the South Adriatic Pit tends to be more important in
winter and spring. In winter a larger portion of the
EAC re-circulates into the WAC at the northern
escarpment of the Jabuka Pit. In fall, the cyclonic
gyres in the central and southern sub-basins are
somewhat combined, but the recirculation near the
Jabuka Pit does not preclude flow from continuing
along the Croatian coast. It is during this season that
Žexchange between the three basins are enhanced see
.also Falco et al., 2000 .
Focussing our attention to the two extreme sea-
Ž . Žsons winter and summer in the southern basin Fig.
.8a,c , it can be seen that the EAC is generally
weaker in summer than in winter. In contrast, the
WAC appears slightly stronger in summer with re-
spect to the winter situation. More details about the
statistical significance of these variations can be
found in Appendix C and Fig. 13c.
Ž .Velocity variance ellipses not shown and EKE
Ž .Fig. 10 are larger in fall throughout the Adriatic
Ž 2 y2 .mostly above 100 cm s . In winter, they are also
substantial in the central and southern sub-basins. In
spring and summer, the WAC fluctuations are the
most energetic. Elsewhere and particularly near the
center of the cyclonic gyres, the EKE stays low.
4.3. Eulerian statistics in the Western Adriatic Cur-
( )rent WAC
We now focus on the WAC, one of the most
striking and important currents of the Adriatic Sea,
which is defined here as the entire current flowing
southeastward along the Italian Peninsula and in-
cludes the western limbs of the re-circulation cy-
clonic gyres. This definition differs from the one
Ž .used in Artegiani et al. 1999 and Hopkins et al.
Ž .1999 where it corresponds to the coastal amplifica-
tion of the southeastward current on the mini-shelf
Ž .depth -20 m . In order to increase resolution in
the off-shore direction, the drifter velocities were
averaged as follows. First two regions were defined:
the northern WAC extending between the Po River
Ždelta and the Gargano Promontory from x sy3801
.to 0 km in Fig. 1a , and the southern WAC from the
Ž .Gargano to the Strait of Otranto x s80 to 340 km1
in which along-basin homogeneity was assumed.
Second, the across-basin coordinate was replaced by
the distance from the Italian coast in the across-basin
direction. Third, this distance was used to average
the along-basin drifter velocities in 8-km wide bins
separated by 4 km. The latter scales of averaging
represent a good compromise between spatial resolu-
tion and accuracy of the results. The drifter data
were also separated into the four seasons of the year.
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Fig. 7. Maps of the low-pass filtered drifter trajectories for the four seasons of the year. The number of drifter-days and the corresponding
Ž . Ž . Ž . Ž . Ž .percentage are posted near the top-right corner of each panel: a Winter Jan–Feb–Mar , b spring Apr–May–Jun , c summer
Ž . Ž . Ž .Jul–Aug–Sep and d fall Oct–Nov–Dec .
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Ž . Ž .Fig. 8. Seasonal maps of surface mean flow calculated in circular bins 20 km radius on a grid 20 km resolution covering the entire
Adriatic basin. The mean flow arrows are centered at the center of mass of the observations in each bin. The 200- and 1000-m isobaths are
also shown. Bins with less than five independent observations and with less than 25% sea area have been omitted.
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Ž .Fig. 9. Same as in Fig. 8 but with seasonal maps of the kinetic energy of the mean flow MKE . The values, represented with gray shades
and contour lines, have been interpolated at 1-km resolution using cubic splines. Bins with less than five independent observations and with
2 y2 Ž 2 y2 .less than 25% sea area are masked with white areas. The contour interval is 50 cm s above 50 cm s .
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Ž .Fig. 10. Same as in Fig. 9 but with seasonal maps of the mean eddy kinetic energy EKE .
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The results are depicted in Figs. 11 and 12. The
number of independent observations, N ) , in the
Želongated bins obtained using a typical Lagrangian
.integral time scale of 1.5 days, see Appendix D
does not exceed 30, with the larger values generally
Ž .obtained in winter and fall Figs. 11d and 12d .
Because of the substantial r.m.s. velocity of the
y1 Žfluctuations, spanning 5 to 25 cm s Figs. 11b and
. )12b and because N is limited to 30, the 95%
confidence intervals around the mean velocity esti-
mates can be quite large. For clarity purposes, the
error bars are not displayed in Figs. 11 and 12. They
range from 2–3 to ;15 cm sy1, meaning that they
can be as large as the mean estimates themselves,
and that they are generally larger than the differences
in the mean values between the different seasons.
Ž . Ž .Fig. 11. Along-shore or along-basin velocity statistics for the northern WAC x between y380 and 0 km, see Fig. 1a . The drifter1
Ž .velocities were averaged in overlapping 8-km wide bins using the distance from the Italian coast. The results, that is, the mean a and r.m.s.
Ž . Ž . Ž .b speeds, the number of six hourly observations c and the number of independent observations d , are shown for the four seasons of the
year.
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Ž .Fig. 12. Same as Fig. 11 but for the southern WAC x between 80 and 340 km, see Fig. 1a .1
ŽFor example, using James’ test at the 5% signifi-
.cance level; see Appendix C we cannot reject the
hypothesis that the four mean speeds are equal to the
same value.
Despite the relatively large errors, some seasonal
variations in the WAC strength and structures are
evident. Between the Po River delta and the Gargano
Ž . ŽPromontory Fig. 11 , the WAC width distance at
.which the mean speed approaches zero varies be-
Ž .tween 45 km in winter, spring and summer and 60
Ž .km in fall . In winter and spring, maximum speeds
reaching 20–35 cm sy1 are concentrated near the
Ž .coast ;5 km offshore , while in summer and fall,
Ž y1 .the core of the WAC is weaker ;15 cm s and is
Ž .located more offshore 15–25 km .
In the southern WAC, between Gargano and the
Strait of Otranto, the WAC velocity statistics are
Ž .slightly different Fig. 12 . Speeds are generally
Ž y1 .larger up to 30–35 cm s . Summer, fall and
winter have similar characteristics, with a current
width near 60–70 km and maximum speeds located
between 10 and 15 km from shore. Spring is diverse
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with respect to the other seasons. It is characterized
Ž .by a rather thin about 50 km from the coast and
Ž y1 .swift maximum mean speed exceeding 30 cm s
current system. A decrease in speed is generally seen
in both the northern and southern WAC for distances
less than 5 km.
It is interesting to calculate the typical maximum
time that a water parcel discharged by the Po River
takes to exit the Adriatic basin on the western flank
of the Strait of Otranto. Taking a maximum mean
y1 Žspeed of 30 cm s the average of the maximum
spring values for the north and south parts of the
.WAC and a distance of about 750 km, we end up
with about a month.
In general, for both the northern and the southern
parts of the WAC, the magnitude of the fluctuating
Ž .currents r.m.s. speed is maximum in the mean
Žcurrent core and decreases seaward of it Figs. 11b
.and 12b . There is a reduction of r.m.s. speed very
near the coast in the north. In contrast, the maximum
Ž .fluctuations appear in the first bin 0–8 km in the
southern WAC.
4.4. Lagrangian statistics
In order to explore the potential seasonal signal in
the Lagrangian statitics, the drifter observations were
separated out into the four seasons of the year and
the statistics were computed for the entire Adriatic
considering the data of each season separately. The
Ž .seasonal Eulerian mean flow Fig. 8 was subtracted
from the drifter velocities before computing the La-
grangian statistics. Only the results of the two ex-
treme seasons, winter and summer, are discussed
Žhere. The velocity variances Lagrangian covariances
. Žat zero time lag , the diffusivities maximum values
.for time lags between 0 and 10 days , and the
corresponding integral time and length scales are
listed in Table 2.
In winter, fluctuations are generally weaker and
more isotropic. The diffusivities and scales, how-
Žever, are larger in the along-basin direction about
.twice the values in the across-basin direction . As
expected, the fluctuating currents are stronger and
more polarized in the along-basin direction in sum-
mer. The summer across-basin statistics are similar
to those of winter. In the along-basin direction, the
values are quite large: diffusivity approaches 3=107
cm2 sy1 and the scales are roughly 3 days and 30
km. Note that these estimates of seasonal variations
Žin the Lagrangian statistics are inferior to or at least
.of the same order of magnitude as the geographical
variations discussed in Section 3.2.
5. Interpretation and discussion
Ž .Our map of mean surface circulation Fig. 4a
discloses in a quantitative fashion, significant circu-
lation patterns with details and accuracy never ob-
tained in previous studies. In particular, the results
presented here are much improved, in terms of spa-
tial resolution and statistical reliability, with respect
Žto previous drifter studies Borzelli et al., 1992;
.Poulain, 1999 .
The Adriatic Sea mean surface flow is globally
cyclonic due to its mixed positive–negative estuarine
Ž .circulation Hopkins et al., 1999 forced by buoy-
Ž .ancy input from the rivers mainly the Po River and
by strong air–sea fluxes resulting in loss of buoy-
ancy and dense water formation. The EAC flows
along the eastern side from the eastern Strait of
Otranto to as far north as the Istrian Peninsula. A
Ž .return flow the WAC is seen flowing to the south-
east along the Italian coast. Re-circulation cells em-
bedded in the global cyclonic pattern are found in
the lower northern, the central and the southern
sub-basins, the latter two being controlled by the
topography of the Jabuka and South Adriatic Pits,
respectively. The bifurcation of the coastal flow at
the northern steep wall of the Jabuka Pit is striking
Ž .in the mean flow Figs. 4a and 8 and the mean
Ž .kinetic energy Figs. 4b and 9 maps. This particular
flow pattern has been studied analytically and nu-
Ž .merically by Carnevale et al. 1999 . It essentially
results from potential vorticity conservation. Borzelli
Ž .et al. 1999 have used satellite thermal images to
describe the off-shore flowing filament associated
with the bifurcation. They also argue that the fila-
ment formation can be ascribed to the interaction of
the EAC with bathymetry.
The drifters delineate clearly the re-circulation
Ž .cell in the northern basin Fig. 4a which appears to
Ž .persist all year Fig. 8 . This feature is not easily
Ž .seen in Artegiani et al.’s 1997b maps but it was
Žconfirmed by hydrographic Malanotte-Rizzoli and
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.Bergamasco, 1983; Manca et al., 2001 and satellite
Ž .Borzelli et al., 1999 observations. This cell is not
controlled by bathymetry as the bottom is gently
slopping in the area. The existence and the variations
of the re-circulation cell are related to the northern
Adriatic dynamics. According to Malanotte-Rizzoli
Ž .and Bergamasco 1983 , the northern Adriatic circu-
lation is primarily of thermohaline origin with major
Žcontributions coming from the Po River buoyancy
. Žgain and from winter heat loss buoyancy loss and
.deep water formation . The wind-driven circulation
is secondary and is only important during transient
strong wind events. The thermohaline conditions
generally favor a stronger re-circulation of the EAC
in summer due to enhanced opposing density gradi-
ents. Unfortunately, our drifter data are too scarce to
study the seasonal variations of the northern Adriatic
circulation.
An isolated cyclonic gyre is evident in the north-
Ž .ern part of the northern sub-basin Fig. 4a . This
feature was well sampled by the drifters in summer
Ž . ŽFig. 8c when it appeared to be maximum with
y1 .speeds exceeding 10 cm s . There is also some
signature of it in spring and fall, and some evidence
Ž .of its disappearance or reversal in winter Fig. 8a ,
but these results must be interpreted with caution
because they are based on the data of few drifters.
The cyclonic gyre is in good agreement with the
hydrographic observations of Mosetti and Lavenia
Ž .1969 . Under the influence of extremely variable
surface and lateral fluxes, including bora wind events
Ž .Zore-Armanda and Gacic, 1987 and strong buoy-
Ž .ancy inputs from the Po River Barale et al., 1986 ,
the northern Adriatic basin has complex dynamics
Ž .Malanotte-Rizzoli and Bergamasco, 1983 and its
circulation varies substantially at relatively short
Ž .scales a few days and 5–10 km . The variability of
the circulation was qualitatively described by Mauri
Ž .and Poulain 2001 using drifter and satellite-derived
sea surface temperature and chlorophyll concentra-
tion images in fall 1997. As a consequence of this
large variability, our statistical results based on lim-
ited Lagrangian observations should be interpreted
with great caution in the northern basin.
A new and interesting result obtained from this
Ždrifter study is the near-shore intensification 10–20
.km from shore of the coastal currents along the
Italian and Croatian coasts and the concentration of
the EAC above the Albanian shelf break. For exam-
ple, the core of the WAC can be located within 10
Ž .km of the Italian coastline Figs. 11 and 12 . These
features are not well evident in the dynamic height
Ž . Ž .maps of Zore 1956 and Artegiani et al. 1997b due
to the coarse sampling of the hydrographic arrays.
The near-shore intensification of the long-shore cur-
rents is in good agreement with the simple dynami-
Ž .cal model of Orlic 1996 that predicts the cyclonic
surface circulation related to the quasigeostrophic
rectification of the surface offshore flow, in a land-
locked sea for which the surface buoyancy loss in
locally balanced by the river buoyancy gain.
Ž .Using 40-km size bins 20 km radius , the mean
kinetic energy of the surface circulation was sepa-
rated into the contribution of the mean flow and of
the fluctuating velocities, with typical levels near
100 cm2 sy2 . Localized maximum values take place
in the coastal currents with MKE and EKE levels
reaching 400 and 300 cm2 sy2 , respectively. The
above energy levels are comparable to those ob-
tained from current meter measurements near 50 m
depth in the southern basin and in the Strait of
Ž .Otranto Gacic et al., 1996; Kovacevic et al., 1999 .
How particles disperse away due to the fluctuat-
ing velocities and how long the AmemoryB of the
particles is were quantified by calculating absolute
Žeddy diffusivities and Lagrangian integral scales Fig.
.5 and Table 2 . To study the surface transports in the
Adriatic, one can use a simple advection–diffusion
Ž .model Falco et al., 2000 or the elaborated model of
Ž .Davis 1994 in which tracers are advected by a
Žconstant deterministic field e.g, the mean flow de-
.picted in Fig. 4a or in Fig. 8 and diffused according
to a Fickian-type law based on Lagrangian properties
Žof the fluctuating velocities diffusivities and La-
.grangian scales .
We found that the dispersion properties are typi-
cally twice as large in the along-basin direction than
in the across-basin axis. Diffusivities in the range
1–3=107 cm2 sy1 agree well with the previous
Ž .estimates of Falco et al. 2000 . They are inferior to
Ž 7 2 y1.the values 1–13=10 cm s generally obtained
in other coastal areas and in the open ocean, e.g., in
Žthe California Current System Poulain and Niiler,
. Ž .1989 , in the Nordic Seas Poulain et al., 1996 and
Ž .in the Algerian Current Salas et al., 2001 . Adriatic
diffusivities are smaller because the Lagrangian
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Ž .scales are shorter 1–3 days versus 1–10 days
andror the energy levels are lower with respect to
the ones in the above-mentioned regions. The La-
grangian integral time scales estimated from the
Ž .Adriatic drifter data 1–3 days are slightly smaller
than the Eulerian scales deduced from moored cur-
Ž .rent meter data Kovacevic et al., 1999 . This means
that drifters generally move between mesoscale fea-
tures faster than the advection rate of the eddies. In
the open sea, the Lagrangian integral length scales of
5–10 km are comparable to the typical size of the
mesoscale eddies and to the internal Rossby radius
Ž .of deformation Grilli and Pinardi, 1998 . In the
coastal currents, the scales are increased in the
along-basin direction, reaching values near 27 km.
The Lagrangian scales were seen to be slightly larger
Ž .in summer than in winter Table 2 in some contra-
diction with the fact that the stratification is sup-
posed to shorten the horizontal scales of variability
Ž .Borzelli et al., 1999 .
The fact that the angular momentum of the resid-
ual Lagrangian velocities is positive for short time
Ž .lags Fig. 5a indicates that the mesoscale fluctua-
tions tend to be polarized in the cyclonic direction.
This corresponds to the predominance of cyclonic
mesoscale eddies in the Adriatic basin. Satellite im-
Ž .ages Barale et al., 1984; Mauri and Poulain, 2001
confirm the cyclonic rotation of the mesoscale struc-
tures, especially in the WAC instabilities.
The classical seasonality of the circulation in the
southern Adriatic basin revealed by the hydrographic
Ž .measurements of Zore 1956 , that is, a wider and
Ž . Ž .stronger WAC EAC in summer winter , is only
partially confirmed by our drifter-based statistics.
ŽThe WAC is slightly stronger is summer maximum
y1 .speed approaching 30 cm s , see Fig. 12 but its
width remains practically the same for the two sea-
Ž . Žsons ;60 km . There is only a slim evidence Fig.
.13c that the EAC is more intense in winter, but the
strong currents tend to be localized closer to shore.
Considering the four seasons in the southern basin,
the WAC and EAC are generally stronger in sum-
merrfall, which is in partial agreement with the
Ž .results of Artegiani et al. 1997b . The re-circulation
cell in the central Adriatic is maximum in winter, is
still substantial in summer and spring and is mini-
mum in winter, again in good agreement with the
Ž .maps of Artegiani et al. 1997b . Contrary to the
Ž .findings of Gacic et al. 1997 and the results of
Ž .Artegiani et al. 1997b , the re-circulation around the
Southern Adriatic Pit is more intense in winter and
spring. During the other two seasons, the circulation
is more in the form of a unique cyclonic gyre
covering the central and southern sub-basins.
ŽNear the Island of Vis most offshore island off
.Split , the EAC does not show major seasonal vari-
ability, in contradiction with the results of Zore-
Ž .Armanda 1966 whose current meter observations
indicated prevailing NW currents in winter, reversing
to SE in summer. Again, this discrepancy can result
from the different sampling adopted, especially the
limited number of drifter observations in the region.
The WAC between the Po River delta and the
Gargano Promontory is more concentrated near the
Italian coast in winter and spring, while during the
Žother seasons its core is found farther offshore about
.20–30 km from the coast in fall . These variations in
the northern WAC structure have been confirmed by
Žrecent hydrographic observations Artegiani et al.,
.1999 and by numerical simulations of the Adriatic
Ž .circulation Zavatarelli et al., 2001 . They also agree
with satellite observations of seasonal changes in the
width of the nutrient-rich western Adriatic layer,
Žrelated to the variability of the Po discharge Barale
.et al., 1984 . Our results on the variability of the
northern and southern parts of the WAC do not
contradict those obtained from current meter moor-
Ž .ing measurements Kovacevic et al., 1999 and ship-
Ž .board ADCP data Gacic et al., 1999 . Differences
are essentially due to the different sampling adopted.
Ž .Fig. 13. a Map of the mean surface circulation in the Adriatic along with 95% confidence ellipses. The ellipses are plotted at the tips of the
Ž . Ž . Ž .mean velocity vectors. b Estimates of the AarrayB bias assuming a constant and diagonal diffusivity matrix. In both panels a and b , the
Žmean flow or AarrayB bias vectors are drawn at the center of mass of the observations in each bin. Bins failing the rejection criteria see
. Ž . Ž . Ž .Appendix A are not considered. c Winter thin arrows and summer thick arrows circulations in the southern Adriatic basin. Mean
vectors are only plotted for the bins passing the rejection tests for both seasons. The velocity vectors are drawn at the center of the bins. The
Ž .bins for which the two means are significantly different using James’ test with a probability of 5% of being wrong are shaded in gray. The
200- and 1000-m isobaths are overlaid.
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6. Conclusions
Most of the statistical properties of the Adriatic
surface circulation presented in this paper, based on
the data of more than 200 drifters covering a period
of about 9 years, are robust quantitative estimates of
results that were qualitatively known before. The
originality of this work comprises the method adopted
Ždirect velocity measurements with numerous La-
.grangian drifters , the relatively high horizontal reso-
Ž .lution chosen 40 km and the discovery of novel
results, such as the near-shore intensification of the
coastal currents, a different seasonality of the mean
circulation and the dispersion properties and prevail-
Ž .ing polarization cyclonic of the mesoscale eddies.
The drifter-based velocity statistics presented in
this paper are in some contradiction with previous
studies of the Adriatic circulation which used hydro-
graphic data and current meter measurements. We
believe that this discrepancy originates more from
the different sampling adopted and the different
period studied than from an essential phenomenolog-
ical difference in the Adriatic circulation. It is en-
couraging that the basic features of the Adriatic
circulation were confirmed by the drifters. The fact
that some differences andror contradictions were
obtained is a challenge for future studies in the
ŽAdriatic Sea. The combination of in-situ Lagrangian
.and Eulerian observations with remotely sensed data
Ž .passive and active techniques is essential to be able
to describe quantitatively, understand and forecast
the functioning of the Adriatic or any other semi-en-
closed seas. Monitoring systems including a variety
of these observations are presently planned for the
Adriatic, and for the Mediterreanean Sea in general,
in order to achieve the above scientific goals.
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Appendix A. Eulerian averaging
Once a spatial scale of averaging is chosen to
estimate Eulerian statistics, the number and the dis-
tribution of the data in each bin has to be examined.
If the number of independent observations is small,
the error bars on the velocity statistics can exceed
the estimates. In addition, given the possible exis-
tence of a significant seasonal signal, a non-uniform
data distribution over the seasons can introduce a
bias error.
So, a minimum number of independent observa-
tions should be used as threshold to discard bins with
few observations. This number was set to five inde-
pendent observations as a practical tradeoff between
accuracy and geographical coverage, so that a robust
statistical description of the circulation is provided
with good spatial resolution. For example, most of
the bins contain more observations than the threshold
Ž .for the Eulerian mean flow map Fig. 4 , permitting
a good spatial description of the mean circulation
and the velocity variance. Furthermore, in order to
exclude the bins that include significant land areas, a
threshold on the percentage of sea versus land areas
was adopted. A minimum of 25% of sea area in each
bin is required for considering the statistical results.
In other to reduce the biases due to the fact that the
drifters might not sample the seasons equally in each
bin, an additional constraint was applied when con-
Žstructing the Eulerian maps from all the data see
.Section 3 : bins for which each season was not
represented by at least 5% of the data were rejected.
The grid for Eulerian averaging was created as
follows. First, the Adriatic basin was rotated by 458
in the counter-clockwise sense and was remapped
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using distances calculated from a center point at
16E815X and 428N45X. This very simple mapping
does not introduce significant distortions given the
Ž .limited size 200 by 800 km of the basin, as shown
by the rectilinear parallels and meridians in Fig. 1a.
In the rotated coordinates, x corresponds to dis-1
tance in the main axis of the basin, and x to the2
across-basin distance. Second, circular bins of 20-km
radius with centers regularly distributed throughout
the basin with 20-km interval distance in both x1
and x directions, were adopted. In this configura-2
tion, adjacent bins are overlapping and can contain
common drifter observations. As a result, the maps
of the statistical properties contain some spatial
smoothing.
The drifter density was estimated by counting the
number of six hourly observations in the bin and by
dividing it by the geographical sea area in the bin.
For bins including major islands and fractions of
continental land, the sea area was determined manu-
ally using interactive MATLAB programs. The ad-
vantage of the density computed in this way is that it
does not artificially decrease for bin including land
Ž .masses i.e., near the coastline , contrary to the
number of observations which can be smaller simply
because the sea area available is reduced. This subtle
difference in density definition is important to esti-
Ž .mate the AarrayB bias see Appendix C .
Appendix B. Eulerian statistics
² :Let us use the symbol for the average in aE
given bin and in time. The following statistics are
defined:
² :Mean flow: u , B1Ž .Ei
² X X :Velocity covariance matrix: u u , B2Ž .Ei j
Kinetic energy per unit mass of the mean flow:Ž .
² :2 ² :2MKEs1r2 u q u , B3Ž .Ž .E E1 2
Mean kinetic energy per unit mass of the fluctuatingŽ .
flow, also called mean eddy kinetic energy:
² X X : ² X X :EKEs1r2 u u q u u , B4Ž .Ž .E E1 1 2 2
where u are the two components of the drifteri
X ² :velocity and u su y u are the residual veloc-Ei i i
ity components. The indexes i and j can take the
value 1 or 2, for the along- and across-basin direc-
tions, respectively. The principal axes of variances or
the variance ellipses are computed from the eigen-
values and eigenvectors of the velocity covariance
Ž .matrix Emery and Thomson, 1998 .
Appendix C. Errors on the Eulerian mean flow
The mean flow estimated by averaging drifter
velocitities in a geographical area and over a given
time period is expected to be affected by sampling
errors due to the finite number of observations and
due to subscale variability. The sampling error is
generally represented by displaying a 95% confi-
dence ellipse around the mean flow vector. This
ellipse has the same orientation as the velocity vari-
ance ellipse. Its semi-minor and semi-major axes are
approximately equal to twice the principal standard
errors, namely:
liSemi-major minor axisf2 , C1Ž . Ž .( )N
where l are the two eigenvalues of the velocityi
covariance matrix and N ) is the number of degrees
of freedom or the number of independent observa-
Ž .tions Emery and Thomson, 1998 .
For a time series of length T , Flierl and
Ž .McWilliams 1977 have shown that the number of
independent observations can be approximated by:
T
)N s , C2Ž .
2Tl
Žwhere T is the Lagrangian integral time scale seel
. )definition in Appendix D . In order to estimate N
for Lagrangian observations in a given spacertime
domain, both temporal and spatial decorrelation
scales have to be taken into account. We have adopted
the following procedure: The trajectories were first
sub-sampled every 3 days, that is at twice the typical
value for T . Every 3 days, observations within thel
same bin were then counted, excluding simultaneous
Ždata points separated by less than 10 km typical
.Eulerian decorrelation scale .
The 95% confidence ellipses are drawn at the tips
of the mean flow vectors in Fig. 13a. Despite the fact
that the principal standard errors can be quite large
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Ž y1 .10–20 cm s , the strength and direction of most
Žof the mean vectors are still significant most ellipses
.do not contain the origin of the mean vector . A few
exceptions occur southwest of the Po River delta and
of the Gargano Promontory.
In addition to sampling errors, Lagrangian esti-
mates are potentially affected by bias errors. Eulerian
mean velocities estimated from Lagrangian data have
Ž .been shown by Davis 1991, 1994 to include an
AarrayB bias that is caused by the average non-uni-
formity of the sampling array. A mean circulation
map computed from non-uniformly distributed drifter
data can be significantly biased because drifters tend
to AdiffuseB away from regions of high concentra-
tion.
For bin sizes small compared to the scales of
variability of the drifter concentration, of the mean
flow, and of the diffusivity, and assuming stationary
statistics, the AarrayB bias can be expressed as:
Array BiassyK E E CrC , C3Ž .i j j
where the eddy diffusivity K E is the asymptotici j
Ž .value of the lag-dependent diffusivity K t :i j
K Es lim K t , C4Ž . Ž .i j t™` i j
and C is the drifter data concentration. The actual
mean flow U is related to the Eulerian estimate
² :u through:Ei
² : EUs u qK E CrC. C5Ž .Ei i j j
The AarrayB bias was estimated as follows. First,
the gradient of drifter concentration was computed
by finite central differences of the concentrations in
Ž .the four overlapping neighboring bins adjacent to
the bin of interest. The drifter concentration was
defined as the number of six hourly observations in
Ž .the circular bins 20 km radius divided by the
corresponding sea area. Second, this gradient was
scaled by the concentration in the bin considered.
Third, this ratio was multiplied by the magnitude of
the global diffusivity estimated in the along- and
across-basin directions, ;2=107 cm2 sy1, respec-
tively. The off-diagonal elements of the diffusivities
were not considered. For the bin near the coast, the
bias was not estimated if at least one of the four
surrounding bins did not contain data.
Our estimates of the AarrayB bias are depicted in
Fig. 13b. As expected, the bias points away from
concentration maxima like a divergent flow con-
Ž .trolled by downgradient diffusion Fig. 1c . It can be
Ž y1 .substantial as large as 5 cm s where the concen-
tration varies significantly spatially. Compared to the
sampling error, however, the AarrayB bias appears
Žrelatively small it does not exceeds the 95% confi-
.dence ellipse .
When comparing the seasonal mean velocity fields
Ž .Fig. 8 or the seasonal mean speeds for the northern
Ž .and southern parts of the WAC Figs. 11 and 12 ,
one might ask whether the differences between sea-
sons are statistically significant or just a sampling
artifact. A way to address this question is to apply
James’ test for the null hypothesis that the means are
Ž .equal Seber, 1984; Garraffo et al., 2001 . This test
Žcompares the means of populations scalars or vec-
.tors when the variances are not equal. An example
is illustrated in Fig. 13c for the comparison between
the summer and winter circulations in the southern
Adriatic basin. The mean estimates are only depicted
for the common good bins. For the bins shaded in
gray, James’ test for the null hypothesis of equal
means was rejected at the 5% confidence level
Ž .probability of 5% of being wrong . As can be seen
in Fig. 13c, the majority of bins show statistically
different mean estimates, especially north of the
South Adriatic Pit. Currents in the outer rim of the
cyclonic gyre are generally faster in winter than in
summer. In the WAC, this tendency is reversed
Ž .summer currents tend to be stronger although the
difference is not significant in some bins.
Appendix D. Lagrangian statistics
² :The symbol is used for the average overL
time and space computed at time lag t beforerafter
the particles are located in a given domain. The
following statistics are defined:
² :Lagrangian mean velocity: u t , D1Ž . Ž .Li
Lagrangian velocity covariance matrix:
² X X :P t s u 0 u t , D2Ž . Ž . Ž . Ž .Li j i j
Ž . X ² : Ž .where x t and u su y u is1 and 2 areLi i i i
the particle position and residual Lagrangian velocity
components, respectively. Note that the mean La-
grangian velocity and the Lagrangian velocity co-
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variance at zero time lag are identical to the mean
Eulerian velocity and the Eulerian velocity covari-
ance estimated in the same spatial domain over the
same time period, respectively.
The absolute dispersion of the particles reaching
Ž .an area or leaving an area for negative time lags is
Ž .characterized by the diffusivity matrix Davis, 1991 :
² X :K t s u 0 x 0 yx yt , D3Ž . Ž . Ž . Ž . Ž .Ž . Li j i j j
which is theoretically related to the Lagrangian co-
variance through:
0
K t s P t d t . D4Ž . Ž . Ž .Hi j i j
yt
The difference between the off-diagonal elements
of the diffusivity matrix:
M t sK t yK tŽ . Ž . Ž .21 12
² X :s u 0 x 0 yx ytŽ . Ž . Ž .Ž . L2 1 1
² X :y u 0 x 0 yx yt , D5Ž . Ž . Ž . Ž .Ž . L1 2 2
is the mean angular momentum of the residual La-
Ž .grangian residual velocities at time lag 0 with
respect to their position at time lag t . It provides
information on the preferential sense of rotation of
the turbulent, or in our case mesoscale, motions.
Lagrangian time and space scales are defined by
scaling the diagonal elements of the diffusivity ma-
trix by the velocity variance and the r.m.s. velocity,
respectively. They represent AmemoryB scales fol-
lowing the particles. Specifically, we can define the
following scales:
Lagrangian integral time scale:
T t sK t rP 0 , D6Ž . Ž . Ž . Ž .l i i j i j
Lagrangian integral space scale:
L t sK t r P 0 . D7Ž . Ž . Ž . Ž .(l i i j i j
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